Résumé. 2014 
Sol-gel coatings are applied to a wide variety of materials requiring high quality optical films [1, 2] . Since [3] .
When a sol film dries, it passes through states of increasing solids concentration. In many cases the drying drives the film rapidly to gelation. In the precision dip-coating of photographic film, for example, a gelatin is used that quickly sets into a thick gel film. In the optical films studied here, the wet film dries quickly into a relatively thin layer and may pass through a transient gel-like state just before the final drying front passes [4] . By analogy to other colloidal systems, the film's viscosity and elastic modulus are expected to increase. This state determines many of the properties of the dry film ; in particular, the porosity is a function of the ability of the « gel » state to withstand collapse under the capillary forces of the drying front. A major goal of this study is to understand the nature of this fleeting gel-like state and how the microstructure of the final film evolves from it.
A second interesting goal is the measurement of film drainage thickness in the presence of vigorous evaporation. The great importance of dip coating in many aspects of manufacturing has spawned an extensive literature on the theory [5] [6] [7] and measurement [8, 9] In these experiments the angle of incidence was fixed at 67.5° and the wavelength was 6 328 A.
The usual methods of narrow-beam ellipsometry were found to be unsatisfactory in our initial attempts to study films because of fluctuations in thickness. Furthermore, it was desirable to obtain data from many points on the film at once rather than one point per dip coating. Hence, the laser was expanded and collimated to illuminate approximately 1 cm2 of the film (an area limited mainly by the apertures of the polarizing optics). In a sense, each ray in the expanded beam defined its own ellipsometer, probing the film point-by-point (diffraction notwithstanding) and forming a « phase » image of the film.
The fluctuations appeared to be mainly the result of residual atmospheric convection near the sample in spite of our attempts to isolate the sample in a chamber. (Occasionally dust on the substrate was also a problem.) The drying front would recede and advance randomly by ± 100 )JL from its average position in the laser beam on time scales of 5-10 s. Since the wedge angle of the drying film was 10-3 radians, these fluctuations corresponded to thickness variations of ± 100 A at a given spot on the film (in the lab frame of reference) and were enough to destroy the interference conditions for extinction. It was too difficult to find the polarizer angles for an extinction in the short time that the film was steady.
With the expanded beam, however, clear images were seen of the drying film. These images, seen in figure 2, consisted of nonlocalized fringes, like shadows, whose sharpness was degraded by diffraction to a greater degree the further out the image was projected from the sample. By intercepting the image with a diffuse screen as close to the substrate as possible, however, good spatial resolution (~ 50 um ) was possible. Although better resolution could be attained by using focusing lenses [11, 12] , the gains would require introducing a spread in incident angle and an attendant uncertainty in the measured index [12] (1), the volume fraction of titania could be calculated assuming a completely wet film. 0 is plotted in figure 6 using 0.1 cm/s, the distance along the substrate over which the relaxation takes place is at most 100 um, which is comparable to the current resolution. Thus, if an inhomogeneity developed, we would not have the resolution to be affected by it. For more concentrated parts of the film, the mutual diffusion must be used [15] but up to the volume fractions of 30 % these estimates vary by about a factor of two. We conclude, therefore, that concentration gradients in the thickness direction are not important for most of the film. Regions of 0 &#x3E; 0.3 were narrower than our resolution. In any case, the one-layer model we have adopted for interpreting the ellipsometric angles. assumes homogeneity, and therefore returns an index averaged over the thickness.
The continual loss of solvent in the drying film implies a contraction of the interparticle separations. If this convective transport is large compared to diffusional transport, then concentration fluctuations will have no time to relax by diffusion and the system might end up in a glassy metastable arrangement. On the other hand, if diffusion is given time to act at all stages of drying, the structure would be dictated by diffusion-limited or reaction-limited processes.
In actuality, under the assumption of constant evaporation, the transport by evaporative contraction is very slow compared to Brownian motion, at least until the viscosity begins to diverge significantly. It is easy to see that the average particle separation varies as the cube root of the inverse thickness, (r) = (number density) -1/3 = (film area)1/3 h1/3. Assuming a constant thinning by evaporation from some initial thickness hi such that h = hi -bt, a typical contraction of (r) by evaporation is given by Ar = (,A r) 3 )1/3 -t1/3, which is a smaller power than Ar -t 112 for diffusion. The linear profile assumed here for h is incorrect (Fig. 5) but good enough in the thick parts of the film to compare time scales.
6. Profile.
Three major factors control the film thickness profile : hydrodynamic flow owing to gravitational draining, solvent evaporation, and the viscoelastic properties of the entrained fluid, including the effects of the sol on the solvent. It is possible that surface-tension forces influence the amount of sol initially entrained near the bottom meniscus [5] and that osmotic and electric double-layer forces influence the profile in its late stages ; but these effects should be less important than the first three.
In the absence of evaporation, a steady-state fluid film on a plate drawn continuously from a bath would have a constant thickness given by [6] where q is the viscosity (0.01 poise), V is the withdrawal speed (0.1 cm/s), p is the density (1 gm/cc) and g is the acceleration due to gravity (980 CM/S2). If the film were suddenly stopped, the profile below the uncoated area would be [7] where x is the distance from the tip. (3) .) The dotted line in figure 5 , following equation (3), and the solid curve, describing purely evaporative thinning, show that the truth lies in between : the film profile is a combination of gravitational draining and evaporation.
While the gravity-induced flow affects the amount of solids entrained at the withdrawal point and therefore the dry-film thickness, it does not directly change 0 or the index n : the evaporation process is the mechanism that drives the film to more and more concentrated conditions. As figure 7 . This plume represented a thin but slowly changing plateau in the thickness profile. Because the pores in the film were large, the capillary forces generated by the menisci of the retreating solvent were small. It may also be that the large relatively thickness of these porous films impeded the evaporation of solvent more than in the other sols. (Typically, the pre-aggregated sols yielded films of thickness 2 100 A compared to 800 A for the unaggregated sol.) Apparently the aggregates in the film were fairly stiff because they did not collapse completely into a close-packed film upon final drying. Far from the tip, where the film was thick, the profile was similar to those of the other sols.
The scattering from the plume area appeared to be relatively large during the course of the experiments. We note that experiments on the drying of particle compacts have uncovered complex, diffuse boundaries of the type that might lead to such scattering [22] . Elsewhere 
